The influence of the geometry of a reciprocating plate column (diameter), superficial gas velocity, vibration intensity and content of the solid phase in the column on the gas hold-up in a three phase column (G-L-S) were investigated in this study. For comparison, the gas hold-up was also analyzed in a gas-liquid system (G-L) in the same type of column. Good agreement between the experimentally determined values of the gas hold-up and those calculated on the basis of the derived correlation for the G-L and G-L-S system was obtained.
INTRODUCTION
The gas hold-up is an important parameter in the design of gas-liquid contactors in the industrial processes of chemical and biochemical synthesis. Increasing the gas hold-up in gas-liquid dispersion, at the same superficial velocity of the gas and liquid phase, results in longer residence times of the gas bubbles in a gas-liquid contactor and also increases the interfacial gas-liquid area in the contactor. Both these effects positively influence the mass transfer rate of the component present in the gas phase and its faster transfer into the liquid phase. [1] [2] [3] The reciprocating plate column used as a bioreactor for specifric gas-liquid processes is a type of contactor with enables high gas hold-up in the column at a relatively low mixing intensity. Under the reciprocating motion of the perforated plates, a dispersion with a small bubble diameter, which has a longer residence time in the column, can be obtained. The gas hold-up in a bioreactor reciprocating plate column (BRC) depends on the column geometry (diameter and column height, the number of perforated plates and the diameter of the holes on the plate), as well as on the operating conditions (vibration intensity, superficial velocity of the gas and liquid phase). [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The design of multiphase reactors is easier if the gas hold-up can be calcualted by using a well defined correlation that exists in the literature. There are a number of such correlations published in the literature linking the gas hold-up and the operating conditions, column geometry and physical characterists of the liquid phase (Tables I and II) . 17 
EXPERIMENTAL
Measurement of the gas hold-up was performed in BRCs of 2.54 and 9.20 cm internal diameter, with a total height of 184 and 86 cm, respectively (Fig. 1) . The other characteristics of the BRCs used in this study are presented in Table III . Legend: C-compressor; E-excenter; EM-electromotor; GD-gas distributor; LO-liquid outlet; P-pump; RC-recorder; RM-rotameter; S-syringe; UV-valve; VS-vessel for the liquid phase.
Counter-current flow of the gas (air, superficial velocity from 0 to 2 cm/s) and liquid phase (tap water, constant superficial velocity 0.6 cm/s) was applied in this study. Polypropylene spheres (diameter 8.3 mm, density 930 kg/m 3 ) were used as the charge of the solid phase in the column (content 0-10 vol%).
The gas hold-up was measured regularly, after instantaneous stopping of the gas and liquid flow and measurement of the liquid level in the column. During each of these experiments the level of the gas-liquid dispersion in the column was kept constant. The gas hold-up represents the ratio of the volume of the gas phase and the corresponding volume of the dispersion in the column.
RESULTS AND DISCUSSION
The superficial gas velocity and vibration intensity have the greatest influence on the gas hold-up in a BRC. The presence of the solid phase in the column is not so important for lower vibration intensities, while at higher vibration intensities of the performed plates, the presence of solid spheres is one of the key factors for breaking the larger gas bubbles into smaller ones, thus increasing the gas hold-up. Moreover, at a higher solid content in the column, the solid phase creates substantial resistance to the movement of the gas bubble from the bottom to the top of the column, thus also increasing the gas hold-up.
The dependences of the gas hold-up on the superficial gas velocity and vibration intensity in a three phase BRC are shown in Figs. 2 and 3. The gas hold-up increases with increasing superficial gas velocity for all the investigated vibration intensities (also in the case where I = 0, i.e., when the column operates without mixing of the perforated plates or when the system might be analyzed as a classical bubble column with plates).
It is obvious that the gas hold-up increases with increasing vibration intensity. It is slower for low vibration intensities, and practically linear for higher vibration intensities. The influence of the solid phase on the gas hold-up is shown in Fig. 4 . At low vibration intensities this influence is negligible, while at high vibration intesities it becomes more pronounced. Such an effect might be explained by the influence of the solid phase in creating a fine dispersion, thus enabling a longer residence time of the gas phase in the BRC. Moreover, at a higher content of the solid phase, an increase of the resistance to free bubble movement through the BRC exists, thus, such an effect also increases the bubble residence time in the column. Taking into account that the following relation exists between the gas hold-up and vibration intensity:
and that the gas hold-up could be expressed in the following form when I = 0:
where n 1 depends on the hydrodynamic conditions in the column and ranges between 0.7 and 1.2 for a pseudo-homogenous gas-liquid dispersion and 0.5-0.7 for a turbulent flow regime, while exponent n 2 is approx. -0.5. 18, 19 The second term on the r.h.s. of Eq. (1) expreses an additional effect of the vibration intensity on the gas hold-up, which might be correlated with the superficial gas velocity, vibration intensity, column diameter and solid phase content in the column:
where n 6 = 9 for a two-phase system. The parameters in Eqs. (2) and (3) were calculated by using the least squares methods, and are valid for superficial liquid velocities up to 0.6, and also to 1.2 cm/s, because some previously reported data (Skala 1980) 4 indicated that the influence of the liquid flow rate on the gas hold-up in a two-phase reciprocating plate column might be observed only for superficial liquid velocities above 1.2 cm/s. The following equation was derived for the two-phase (gas-liquid) BRC with internal diameters from 2.54 to 9.2 cm:
The dependence of the calculated values of the gas hold-up in a BRC's and the experimentally determined ones (Eq. (4)) is shown in Fig. 5 . The coefficient of lin- ear correlation was 0.993, while the average deviation of the calculated and experimental data was ± 8.46 %.
The equation which can be used for calculating the gas hold-up in three-phase BRC's is: (5) According to Eq. (5), the e G value was calculated and compared with experimentally determined ones (Fig. 6 ). The coefficient of correlation was 0.992, and the average deviation between these values was ± 9.68 %.
Dividing Eqs. (4) and (5) by the value (e G ) I=0 , a relation can be obtained showing the additinal value of the gas hold-up in a BRC caused by the vibration of the perforated plates, i.e., the difference of the gas hold-up between system which operate with or without vibration mixing (as a bubble plate column):
(i) for a two phase system (gas-liquid) e e 
(ii) and, for a three phase system: e e 
The relative increase of the gas hold-up in a BRC compared to a bubble column (I = 0), which depends on the operating conditions and column geometry, is shown in Figs. 7-10 .
From the data presented in Fig. 7 , it can be concluded that the greatest increase of the gas hold-up caused by the vibration of the perforated plates lies in the range of the lowest superficial gas velocity, and that by increasing the gas flow rate through the BRC such an effect is diminished. The influence of the vibration intensity on the gas hold-up is shown in Fig. 8 , which indicates that higher vibration causes, as expected, higher gas hold-up. While in the first terms on the r.h.s. of Eqs. (4) and (5), the exponent which indicates the influence of the column diameter has a negative value (bubble column, i.e., I = 0), in the second terms of these equations, the exponents on the column diameter have a positive value. Such evidence indicates that there is a positive effect of the column diameter on the gas hold-up when vibration is used compared to the system when the unit operates as a bubble column (Fig. 9) . Finally, the influence of the solid phase present in a BRC for I = 0.07 m/s and I = 0 (three phase bubble column) is shown in Fig. 10 . The highest influence exists only in the case of smaller content of the solid phase in BRC, while increasing the solid content did not increase the gas hold-up. It can be concluded that a higher increase of the gas hold-up, compared to the bubble column, was always obtained in the case of a three-phase system than in a two-phase one, i.e., in the presence of a solid phase. 
CONCLUSION
The gas hold-up in a two-phase and three-phase reciprocating plate column was analyzed. Empirical correlations for such multiphase system and for two columns with 2.54 and 9.2 cm internal diameter were derived. Very good correlation between the experimentally determined and calculated values of the gas hold-up were obtained. Moreover, a general overiview of these data indicated that higher values of the gas hold-up could always be obtained in a column of the some diameter and at the same superficial velocities of the gas and liquid phases if the column was operated with vibration of the perforated plates and in the presence of a solid phase. U radu je prou~avan uticaj geometrije kolone (unutra{weg pre~nika), prividne brzine strujawa gasne faze, intenziteta vibracije i udela~vrste faze na sadr`aj gasa u dvofaznom (gas -te~nost) i trofaznom (gas -te~nost -~vrsta faza) kontinualnom bioreaktoru sa vibracionom me{alicom. Dobijene su korelacije za sadr`aj gasa od operativnih uslova rada bioreaktora i unutra{weg pre~nika sa dobrim slagawem izra~unatih i eksperimentalnih vrednosti. (Primqeno 19. novembra 2004) 
